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THE REFLECTED IMAGES IN SPECTACLE 
LENSES 


By WiLsBurR B. RAYTON 





One of the disadvantages of spectacle lenses resides in the fact that, 
under certain conditions, they cause stray patches of light and more or 
less distinct images to lie superimposed upon the field of view. To many 
people these images are very annoying, while to others they are unnotice- 
able. The difference is probably largely a matter of psychology, and to a 
certain extent a matter of differences in occupation. 

There does not appear to exist, in English, any reasonably complete 
treatment of this subject, but, on the other hand, many erroneous ideas 
are current and occasionally find their way into print, particularly in regard 
to the influence of the shape of the lens upon the existence and visibility 
of the images. In the Zeitschrift fuer Ophthalmologische Optik, December 5, 
1913, appeared an article on the subject, ‘‘Ueber Spiegelbilder und Brillen 
glaesern,”” by M. von Rohr, an article which is unfortunately rather 
inaccessible. 

The present paper covers, perforce, much the same ground as von 
Rohr’s, but offers additional formulae for calculating the position of the 
images and a more detailed analysis of the effects of shape and power of 


the lens. 
(137) 
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Every refraction at a surface of separation between two media of 
different optical densities is attended by a loss of light due to reflection. 
That is to say, not all the light passes through the surface, some of it is 
reflected back into the first medium. The sum of the intensities of the 
transmitted and reflected parts is equal to the initial intensity. We shall 
confine ourselves to the case of a surface separating air from glass, the two 
media having indices of 1 and m respectively. Then for perpendicular 
incidence the intensity of the reflected beam, I,, is given by 


2 
I,=(7")I1 
(2 a -) 
wherein I is the initial intensity. If I, is the intensity of the transmitted 


beam, I, = I —I,. The direction of the light is immaterial, i. e., whether 
it proceeds from the air into the glass or from glass into air. 





The relative intensities of the reflected and transmitted portions vary 
with the angle of incidence, but to only a very slight degree for such angles 
of incidence as are concerned here. 


Assuming m = 1.52, then I, = 0.0426 I and I, = 0.9574 I. If we 
neglect the loss by absorption in the glass, which will be slight because of 
the small thickness, the intensity of the light transmitted by a lens will be 
0.9574’ I or 0.9166 I. Slightly less than 92%, then, of the original light is 
transmitted by the lens. Since the index of refraction increases toward 
the blue end of the spectrum, the reflecting power must also be greater for 
the blue and the reflected image may reasonably be expected to showa 
bluish tinge, while the transmitted light, being somewhat deficient in blue, 
will appear yellowish. The yellowness of the transmitted light is not con- 
spicuous when only one lens is concerned, but in optical instruments com- 
posed of several lenses the image becomes very noticeably yellow. 


In the case of a spectacle lens, the reflected light may either be returned 
into space to give us no trouble or reflected into the eye. If the reflected 
light which enters the eye coincides in direction with unreflected light from 
a common point of origin, the reflected light will simply reinforce the in- 
tensity of the directly transmitted portion and will be unobjectionable. 
Such coincidence of direction rarely occurs, and in general the reflected 
light gives rise to an image superimposed over the image, formed by directly 
transmitted light,-of some other object point. 


i 
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The following diagrams, Figs. 1 and 2, serve to demonstrate the possi- 
bility of the formation of three reflected images superimposed upon one 
direct image if we limit ourselves to not more than two reflections. 








Fig. 1 


Demonstrating the possibility of three reflected rays (broken lines) entering the eye 
coincident with a directly transmitted ray (solid line). 














Fig. 2 


The three reflected rays for a negative lens. Note difference in position in compari- 
son with the positive lens. 

If for the present we assume that a ray of light emerges from the 
center of rotation of the eyeball at the point C, making some finite angle 
with the axis of the lens, part of it will be reflected at the rear surface and 
proceed in the direction II. That part which is transmitted by the rear 
surface will after refraction be split up again at the front surface; the major 
portion will be refracted into the object space, while a small part is reflected 
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and after refraction again at the rear surface proceeds in the direction I. 
At the second incidence upon the rear surface, part of the light is reflected, 
away from the eye and most of this is refracted through the front surface 
of the lens into the object space in the direction V after having suffered two 
refractions and two reflections. By the aid of the principle of reversibility 
it can be seen then that light falling upon the lens from all three directions, 
I, II and V, will enter the eye in coincidence with the directly transmitted 
ray indicated by the solid line. Three images, therefore, due to reflected 
light will be superimposed upon that part of the object field whence comes 
the directly transmitted light. One of these will be an image of an object 
ahead of the lens, while the other two will be images of objects lying at the 
side and back of the head. 

If the initial intensity be taken as 1, then the intensities of I, II and V 
are 0.0390, 0.0426 and 0.00166 respectively. The intensity of the trans- 
mitted light is 0.91666 so that the sum of the transmitted light and the three 
reflected components just mentioned totals 0.9999 and represents so large 
a part of the original intensity that the remainder, which is divided among 
an infinite number of reflected images of higher order, is negligible. The 
three reflections under consideration are very conspicuous when the directly 
transmitted light originates from a poorly lighted point of the field of view. 

In order to readily see reflections I and II, one should take a position 
with back to a window and direct the vision to a dark region within the 
interior of the room. To observe V, one must face the window and look 
at some dark region beneath or at one side of the window. Slight motion 
of the head is of great assistance in detecting the reflections, but even under 
most favorable conditions, one or more of these possible reflections may 
not be found, for reasons which will appear later. 

There are, moreover, other reflections possible, due to the fact that as 
light enters the eye through the surface of the cornea, part of it is reflected 
back towards the spectacle lens. Part of this reflected light is returned to 
the eye by each surface of the lens giving rise to reflected images which do 
not in general coincide either in size or position. There are an infinite 
number of these images, but only two reach a sufficiently high light intensity 
to be troublesome. These two arise from object points lying ahead of the 
lens and are formed, one by reflections from the cornea and the front surface, 
the other by reflections from the cornea and the rear surface of the lens. 
If we take the index of the cornea as 1.351, then the intensity of the light 
0.351 


2 
= 0.0223 of the light incident it. 
ae 30 ght i nt upon i 


reflected from the cornea is ( 
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The light transmitted by the lensamounted to0.9166 of the original intensity, 
so that with respect to the original intensity the cornea reflects 0.9166 x 
0.0223 = 0.0204. Of this amount 0.0390 is reflected back towards the 
eye by the front surface of the lens and 0.0426 by the rear surface, so that 
the intensities of the two images are respectively 0.000797 and 0.000871. 
These intensities are very low, to be sure, but nevertheless are readily seen 
under favorable conditions, viz.,in observing a field of high degree of con- 
trast between light and shade where images of the bright parts may be seen 
superimposed upon the dark area. 


Since the images of distant objects formed by the cornea lie only about 
4 mm back of the cornea itself, it follows that the eyelashes and lids lie in 
very nearly the same plane as these images, and they too, therefore, may 
be seen reflected in the spectacle lens under favorable conditions. 


There are in all, then, five possible images if we limit ourselves to those 
formed by not more than two reflections. Their existence depends in no 
wise upon the shape or any other attribute of the lens. The intensities of 
all of them are high enough to make them distinctly visible, and therefore 
troublesome, under suitable conditions. The degree of their visibility and 
objectionableness depends upon their position and size, as well as upon their 
brightness. If the image be very large it will not in general be trouble- 
some, for the reason that a slight shift of the head will generally suffice to 
throw it out of the field of view, while smaller images will change their 
apparent position much more slowly with change in the position of the head. 
If the image lies between the far point and the near point of the eye it can, 
of course, be sharply focused, while if far removed from either limit of the 
range of accommodation, it will appear as a shapeless patch of light. 


We may then profitably direct our attention to an investigation of 
the positions of the images and the factors upon which their positions 
depend. Assuming the thickness of the lenses to be infinitesimally small 
simplifies the problem without introducing serious errors, except in the 
higher powers of positive lenses. We shall represent the power of the lens by 
F,of the front surface of the lens by F,, of the rear surface by F,and express 
the reciprocal of the distance on the axis from the vertex of the lens to the 
image by V. To the powers of the surface we shall give the signs customary 
in practice, calling a convex surface positive and a concave surface negative. 
A positive value of V indicates that the image lies on the eye side of the 
lens. 
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In the subsequent discussion it will be found convenient to be able 
to refer to the reflections by number. 

I shall be the image of an object back of the head imaged by reflection 
from the first surface of the lens, together with two refractions through 
the rear surface. 

II the image of an object back of the head imaged by reflection from 
second surface of the lens. 

III the image of an object in front of the lens imaged by reflection from 
the cornea and the first surface of the lens, together with one refraction 
through the first surface and two through the second surface. 

IV the image of an object in front of the lens imaged by reflection from the 
cornea and the second surface of the lens after refraction through the 
lens. 

V the image of an object in front of the lens imaged by double refraction 
within the lens and one refraction through each surface. 


For an infinitely thin lens, it can be shown that the distance of I from 
the vertex of the lens is given by 


¥ wo F, + 2F, 


n—I 





Image II lies at a distance 

2F, 

n-1 

Image III will lie at a distance which will depend on the distance from the 
lens to the cornea. Assuming the distance to be 12 mm, it can be shown 
that the image lies at a distance 


V=- 


, 28 te 
V = or F, + 2F, — 62.5 


neglecting the influence of the first refraction by the lens, a step which will 
introduce an error of slight amount in ordinary powers. Ina lens of 20 dptr 
the error will amount to 1.6 dptr. 

Image IV will lie at a distance 





2F, 
ye <2 ee 


subject to the conditions and assumptions specified for III. 
Image V will lie at a distance 
Vo FF 
n-I 
The expression for image V is due to Dr. H. Boegehold. 
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It is evident from the formulae that the position of images I and III 
depends on the shape and on the power of the lens; images II and IV depend 
only on the curvature of the second surface; and image V only on the power 
of the lens, not at all on its shape. It is also evident that images I and III 
and II and IV constitute two pairs whose members are separated by the 
constant term 62.5 dptr which is derived from an assumed distance of 12 
mm from cornea to lens and 8 mm as the approximate curvature of the 
cornea. 

The following graphs, Figures 3, 4 and 5, show the variation in position 
of each of the five images with change of power for each of the common 


20 TT 4 aT Z Vv 


46 





20 
494O 4 2] 00 420 /40 
- + 
Fig. 3 
The variation in position of the five reflected images with variation in power, for symmetrical 
lenses. Lens powers are plotted as ordinates, the distances of the images from the vertex of the 
lens as abscissae. Powers and distances are in dioptries. 


forms of spectacle lenses, viz., equilateral, periscopic and meniscus. The 
periscopic lens is understood to be a lens ground so that the second surface 
has a power of —1.25 dptr in all positive powers, and the first surface a 
power of +1.25 dptr in all negative powers. Meniscus lenses are ground 
so that for all positive powers the power of the second surface is —6.00 
dptr, and for all negative powers the power of the first surface is +6.00 dptr. 

Lens powers, in dioptries, are plotted as ordinates. The reciprocals 
of the distances of the images measured from the vertices of the lenses are 
plotted as_abscissae. 
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Fig. 4 
The variation in position of the five reflected images with variation in power, for periscopic 


lenses. Lens powers are plotted as ordinates, the distances of the images from the vertex of the 
lens as abscissae. Powers and distances are in dioptries. 
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Fig. 5 


The variation in position of the five reflected images with variation in power, for meniscus 
lenses. Lens powers are plotted as ordinates, the distances of the images from the vertex of 
the lens as abscissae. Powers and distances are in dioptries. 
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From comparison of the three sets of graphs it is evident that image 
V does not depend upon the shape, but only upon the power of the lens. 
Its graph is identical in all three sets. The other four images divide them- 
selves into two pairs, I and III and II and IV, whose members always lie 
at a constant distance from each other regardless of the power of the lens. 
Furthermore it appears that in different series of lenses designed so that in 
each series the curvature of one of the surfaces shall be common to all 
powers, the graphs representing the first four images will preserve the same 
relative positions with respect to each other, but will shift to the right or 
left according as the “‘base curve”’ is varied. 











6 
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4 
3 
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Fig. 6 
Demonstrating the effect on the position of the images of variation in shape for a lens of 
constant power (— 2 dptr.) The various powers of the front surface of the lens are plotted as 
ordinates the distances of the images from the vertex of the lens as abscissae. Powers and 
distances, are in dioptries. 


By plotting the five graphs for several different series of lenses differing 
as to their “base curves,’’ we can then take the abscissae corresponding 
to any given power, plot them as abscissae using the powers of the corre- 
sponding base curves as ordinates, and obtain a new set of graphs which 
show the variation of position of the images for a given power with change 
of shape of the lens. Such a set of graphs is given in Fig. 6, for a lens 
whose power is —2 dptr. 

The graph representing the position of image V is parallel to the axis 
of ordinates, demonstrating again that its position is independent of the 
shape of the lens. It is evident, however, that for any one of the other 
four images there is one particular shape of the lens for which that image 
will be in sharp focus. If an image should lie 500 mm, 2 dptr, in front of 
the vertex of the —2 dptr lens it would be in sharp focus for the wearer 
of this lens. Now any one of the graphs I, II, III and IV may be made to 





146 Wilbur B. Rayton REFLECTED IMAGES, Etc. 


intersect an ordinate at —2 dptr: Graph I intersects it within the limits 
of the diagram, the others outside of the diagram. Image I will be in sharp 
focus if the lens is ground with the front surface having a power of about 
+0.5 dptr and the rear surface, therefore, —2.5 dptr, a shape which lies 
between the plano-concave and the periscopic concave. Both are near 
enough so that this image would be troublesome in those shapes. Image II 
would be in focus for a lens ground with its front surface about —2.5 dptr 
and rear surface +0.5 dptr. Such a lens does not occur in practice, the 
nearest approach to it would be the equilateral double concave. Images 
III and IV will never be in sharp focus for a lens of this power in any ordinary 
form of lens, but could be brought into focus by grinding the lens with 
curves very strongly concave towards the eye. 

In general an image will be visible without accommodation if it lies 
in the focal plane of the lens. By making V = F in the equations given 
above, new equations can be obtained which will define the shape of the 
lens necessary to make any one of the images lie in the focal plane of the 
lens. The results of this transformation are as follows: 


1 RP ne 


For image V the substitution of F for V leads to 
a i 
n—I1 

which is satisfied for F = o regardless of the shape of the lens. These 
relations for the first four imagesareshown graphically in Fig.7. Thepowers 
of the lenses in dioptries are plotted as ordinates. The shape of the lens 
is indicated by the abscissae which give the powers of the front surfaces 
of the lenses. 

There are very few powers which in ordinary forms of lenses produce 
images that are in absolutely sharp focus. These cases are presented in 
the tabulation below, wherein the figures give the powers, in dioptries, of 
the lenses for which the corresponding images are in focus: 
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SHAPE OF LENS 








Image Symmetrical Periscopic Meniscus 
I oO —- 5 — 23 
II oO + 5 + 23 
Il + 21 + 12 + 8 
IV — 21 — 12 - 8 
V ) oO oO 














70 





Fig. 7 
Graphs showing the shapes of lenses of different powers for which the various images are in 


focus without accommodation. Ordinates are lens powers. The abscissae give the powers of 
the front surfaces of the lenses. All values are expressed in dioptries. 


Contrary to some of the notions which have appeared in print from time 
to time, it seems impossible to select a most favorable form with respect 
to freedom from reflections. 


It must not be assumed that because an image is not visible without 
accommodation it will therefore cause no annoyance. The range of accom- 
modation amounts in general to several dioptries, and therefore extends 
considerably the probability of an image being clearly visible. But even 
if the image lies outside the range of accommodation it is not necessarily 
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unobjectionable. It may be several dioptries out of focus, in fact, and yet 
be exceedingly troublesome, especially if the image be small in size. 

In regard to size of image, images III and IV will always be small by 
reason of the participation in their formation of reflection at the cornea 
with its comparatively small radius of curvature. These images are there- 
fore more difficult to remove from the field of-vision by turning the head or 
by similar expedients than are images I and II. On the other hand, a 
very slight variation in the distance between the lens and the cornea has an 
immense effect on their position, so much so that within the possibilities of 
practical adjustment of this distance it is very often possible to give a great 
measure of relief. 

Even if it is not possible to select a type of lens which can be relied 
upon to give rise to no troublesome reflections, it is hoped that the data 
presented here will make it possible to determine what measure of relief, 
if any, can be given in any particular case. 


Scientific Bureau 

Bauscw & Loms Opticat Co. 
Rochester, N. Y 

August, 1917 


THE EFFECT OF SIZE OF STIMULUS ON THE 
CONTRAST SENSIBILITY OF THE RETINA’ 


By PRENTICE REEVES 


When two visual stimuli are presented simultaneously or in immediate 
succession, we can judge them to be equal or unequal in brightness. The 
least difference in brightness that can be detected by the eye depends on 
several factors, viz., the brightness of the stimuli themselves, the time of 
adaptation of the eye to the contrasted stimuli, the previous adaptation of 
the eye and the size and shape of the visual fields. Numerous determina- 
tions of the least perceptible difference of brightness between two adjacent 
fields have been made, but in many cases the uncertainty in the statement 
of the brightness conditions and the time of adaptation have rendered 
the experiments of doubtful value. More precise measurements have been 
made when the stimuli follow one another in immediate succession, as seen 
in the numerous studies of flicker photometry, but even these are often 
discordant. 


' Communication No. 70 from the Research Laboratory of the Eastman Kodak Company. 
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In the Research Laboratory of the Eastman Kodak Company this 
least perceptible difference of brightness has been measured under definite 
conditions where the physical stimuli were accurdtely measured and care- 
fully controlled by Dr. P. G. Nutting, Julian Blanchard and the writer. 
Blanchard investigated the contrast sensibility of the retina by means of a 
photometer bench and his data agree with those secured by Konig,’ pro- 
viding Konig’s brightness unit is taken as 0.004 ml and sufficient time of 
adaptation is allowed, especially in the fainter intensities. Blanchard and 
the writer also studied the contrast sensibility by means of the visual 
sensitometer.? Blanchard’s results have been published in part by Nutting‘ 
and will appear in full in a paper by Blanchard in the near future. 


In the use of the visual sensitometer a 3 cm square test spot was used 
and a fixed contrast obtained by covering the upper half of the spot with a 
strip of neutral filter. This gave two adjacent fields of 3 x 1.5 cm and with 
a fixed viewing distance of 35 cm the visual angle was 5 degrees by 2.5 
degrees. By using a series of filters in the upper field, which transmitted 
from 0 to 97 per cent of the lower field intensity, five suitable fixed contrasts 
were obtained. In the experiment the observer remained in total darkness 
for fifteen minutes to counteract any previous treatment of the retina and 
to assure the same retinal condition for all observations. The eye was 
then adapted to the sensitizing field brightness, the field turned off, and by 
repeated efforts the test spot intensity was adjusted until the contrast 
could just be perceived ‘the instant the sensitizing field was extinguished. 
This procedure was then repeated for 1, 2, 5 on to 60 seconds adaptation 
after turning off the sensitizing brightness. 

The writer first repeated Blanchard’s experiment for all contrasts with 
an initial sensitizing brightness of 0.1 ml and the test spot 3 cm square 
viewed from a distance of 35 cm, with the natural pupil of the right eye, 
the left eye being closed. The results of the observers agree within the 
uncertainty in a single series of observations and the curves in Fig. 1 show 
the time and brightness to detect the five fixed contrasts. The writer's 
next step was to investigate the effect of reducing the size of the test spot 
to a I cm square, with the procedure otherwise remaining the same. The 
data in Table 1 give the results obtained for the two different stimuli for 
all contrasts and Fig. 2 shows the curves for three contrasts. The next step 


2 A. Kénig—Physiologische Optik. pp. 116, 135. 
3 Described by Nutting—Trans. Ill. Eng. Soc., 1916, 11, 1-21. 
‘ P. G. Nutting—Trans. Ill. Eng. Soc., 1916, 11, 939-946. J. Franklin Inst. 1917, 183, 287-302. 
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in the experiment was to obtain results for various sizes of the test spot 
from a 3 cm square to a 2 mm square and Table II and Fig. 3 show the 
results for fixed contrasts of 67 and 97 per cent. 


Now if we take Table II, convert the size of stimuli into terms of visual 
angles and take the values of log I at points where time is equal to 0, 2, 10 
and 60 seconds, we get the variation of contrast sensibility with the visual 
angle. These results are shown in Table III and represented graphically in 
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Fig. 4. Another interesting method of presenting these data is to obtain 
the Fechner fraction, which is the ratio of the least perceptible difference 
in brightness to the brightness for which it was determined and this value 
4B/B plotted against log B enables us to see at a glance the effect of time 
of adaptation and of the brightness on the contrast sensibility. Fig. 5 
shows the curves plotted for the 3 cm square spot. If we plotted the data 
from the smaller test spots, the curves would remain the same relative 
shape, but would be shifted to the right. An inspection of all the curves 
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will show that, in general, the effect of decreasing the size of the stimulus, 
hence the visual angle, is to raise the intensity of the illumination necessary 
to detect the contrast for a given time of adaptation, or to increase the 
adaptation time necessary with a fixed intensity. When both the contrast 
and visual angle are decreased, the above changes are greatly increased. 


The possibilities of application of these results are quite extensive and 
it is desirable to secure further data of similar nature. Take for example 
the visual detection of air planes. If we assume a spread of 40 feet in the 
plane, the data obtained from the 3 cm test spot are applicable to a plane 
flying at a height of from 450 to 500 feet above the observer, while the 2 mm 
test spot data will apply to a plane 7000 feet above. If we know the 
average sky brightness under which the machine is to fly, we can approxi- 
mate conditions under which the machine would be least visible for various 
heights. If we take the conditions under which the plane flying at 467 
feet is just perceptible when the contrast between the plane and sky is 97 
to 100, we find that for a height of 1400 feet a contrast of 87 is required 
for visibility, and if the plane flies at an elevation of 7000 feet the contrast 
required is 65 to 100. While the computation of the visual angle is not 
exact, precise determinations of the angle would only relatively effect the 
above statements. 


TABLE I 
Time and Brightness to Detect Fixed Contrasts 
Eye Adapted to Initial Brightness of o.1 ml 
Values, in Millilamberts, are Log Brightness of Brighter Field 








Contrast o | Contrast 0.39 | Contrast 0.67 | Contrast 0.87 | Contrast 0.97 





3cem rem) 3cm =tcm) 3cm =tcm) 3cm tcm| 3cm tcm 
sq. sq. 
.j— 2.83 —2.57|/— 2.58 —2.171— 2.42 —1.80—1.93. —1.36—1.28 —0.79 
. |= 3-42 —3-261-—-3.10 —2.49/—2.84 —2.04/-—-2.17  —1.5§2/—1.59 —0.99 
13.80 —3.§01° 3-29 —3.791— 3-03 —2.34)-—° 2.36 —1.66—1.68 —1.07 
o- "433 "3-031" 3-03. —3-00—" 3.10 — 2.67" 247. 1.6832 —t8s 
. [4-53 4.291 3-7§ —3-07|— 3-25 —2.§71—- 2-51 —1.76/—1.70 —1.21 
. [= 4.62 —4.341° 3.87. — 3-14) 3-32 — 2.591 2.56 1.75) ~ 1.06 — 1.25 
..[— 4-82 — 4.44) 4.05 —3-29/—3-40 —2.501—2.59 —1.84i—1.76 —1.27 
.|— 5.00 —4.59|—4.20 —3.441—3.52 —2.64/—2.68 —1.82)—1.81 —1.31 
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EFFECT OF SIZE OF STIMULUS, Etc. 


TABLE II 


Effect of Size of Test-Spot on Contrast Sensibility 
Contrast 0.67 







































































Adaptation 3.cm sq. | 2.5 cm sq. | 1.5 cm sq. | 0.7 cm sq. | 0.3 cm sq. | 0. 2 cm sq- 
On 36585 —$.4@2 — 2.90 —,.99 3.9 “209 =. 3% 
oe? @i8 ave 3 — 3.03 — 2.64 — 2.30 —1.91 —2.76 —1.46 
Ree adeces — 3.25 — 2.93 — 2.49 —2.11 —3.87 —1.58 
tere Oe — 3-52 — 3.25 — 2.69 —2.27 —1.97 —1.69 
Contrast 0.97 
Adaptation 3m sq. | 2.5 cm sq.| 1.5 cm sq.| 0.7 cm sq.| 0.3 cm sq. | 0.2 cm sq: 
ee —1.21 —1.09 —o.98 —0o.84 SA an Ge A: oP 
Gee gta as —1. 54 —1.46 ead 5.68 =—©.70 —o.58 
<< —1.69 —1.56 —1.35 —1.34 —o.88 —0.74 
ONT aeons — 1.80 —1.64 —1.45 —1.26 "—0.04 —o.76 
TABLE III 
Variation of Contrast Sensibility with Visual Angle 
Contrast 0.67 
Stimulus Visual Angle Time of Adaptation 
° 2 sec. IO sec. 60 sec. 
Oe OR. kk ©. 33° — 2.32 —1.46 ~Z.68 ~3.69 
eee, wha enwaa 0.50 —1.49 —2.76 3,87 —1.07 
lla ee ee 1.15 —1.69 —1.91 —2.1% —2.27 
eT eet gee eee 2.47 —1.90 — 2.30 — 2.49 — 2.69 
Rater Let FT vin de dacs 4.10 — 2.10 —2.64 — 2.093 3.25 
+o. * 4.92 — 2.42 — 3.03 —3.25 — 3.52 
Contrast 0.97 
Stimulus Visual Angle Time of Adaptation 
4 Uy es ee 8 oaeiees —o.58 —0.74 ©. 96 
SME hm oo Tiitinie wands > Soe Gee —0.70 —o.88 —0.94 
TS Mietea tere? f 1.15 —o.84 —I1.01 —1.14 —1.26 
Bee kaa savas 2.47 —o.98 —1.26 2.35 —1.45 
St ae ore 4.10 —1.09 —1.46 —1.56 —1.64 
oe Pa rere 4.92 —1.21 —1.54 —1.69 —1.80 
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A MATHEMATICAL STUDY OF A 
HEADLIGHT BEAM 


By O. E. CONKLIN 


In the following article formulas for tracing any ray in a headlight 
beam are derived and applied to a study of the relations between the shape 
of the light source and the form of the beam. From this study conclusions 
as to the best shape of the light source may be drawn. 

In the derivation of our formulas we make use of four well known 
formulas of solid analytical geometry. Let 1,, m,, n, be the cosines of the 
angles which a straight line makes with the X, Y, Z axes respectively. 
l,, m,, n, are called the direction cosines of the straight line, and the follow- 
ing formula connects them with each other. 


(1) 1’? +m, +n,’=!1 Y 













Let 1,, m,, n, be the direction cosines 
of a second straight line. Then the 
cosine of the angle between the first 
and second straight lines is given by 
the formula 


(2) cos@ =1,1,+ m,m, + n,n, 





If the straight lines are perpendicu- 
lar to each other, then 








(3) ll, +m,m,+n,n, =0 
Let A,: B,: C, be numbers 
intheratiol,:m,:n,. These 
numbers are called the di- 
rection ratios of the straight 
line. Let A,: B,: C, be the 
direction ratios of the sec- 
ond straight line. Then 
the following equation holds if the 
two lines are perpendicular to each 
other 


(4) A, A, + B, B, + C, C, =O Fig. 1 
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It is assumed that the headlight has a parabolic reflector. Its focal 
length is f. Figure 1 is a perspective drawing of the reflector showing how 
the coordinate axes are chosen. The origin is at the vertex of the reflector, 
The X-axis is the axis of symmetry of the reflector, the Y-axis is vertical. 
and the Z-axis is lateral. The focus is at F (f, 0,0). The source of light is 
assumed to have finite dimensions, and P,(x., yo, Z) is any point in it. 
Let P, P be any ray originating at P,, and let P (x, y, z) be the point at 
which it strikes the reflector. Our problem is to determine the direction of 
the reflected ray, PR. We shall define the direction of PR by means of its 
direction cosines, 1, m, n. ; 

Before we can derive formulas for the direction cosines of PR, we must 
find the direction ratios and direction cosines of P,P, PT’, PN and PT. 

P,P is the incident ray. Since it passes through P, (x,, y., z.) and 
P (x, y, z), its direction ratios are 
(5) X—X,:Y — Yo: 3 — 2% 
and its direction cosines are 


x—X, | ead 
(6) ' 
V (x— x.)?+ (y— yo)’ + (2— 2)? VW (x— xX0)’+ (y— yo)? + (2— 2)’ 
Z— Zo 
V (x= x0)?+ (y— yo)? + (2— 24)? 
PT’ is any line tangent to the reflector at P. Its direction ratios are 


dx: dy: dz, the differentials being taken in the surface of the reflector in 
the direction of PT’. The equation of the surface is 




















I 2 2 
(7) x= af (y? + 2’) 
Whence 


(8) dx = = (ydy + zdz) 
and the direction ratios of PT’ become 
(9) x (ydy + zdz) :dy :dz 


PN is the normal to the reflecting surface at P, and is therefore per- 
pendicular to the tangent line PT’. Let 1’, m’”, n”’ be the direction cosines 
of PN. Then, by substituting in (1) and (4) we obtain 
(10) 1/7 + m/’?7+ n’” = I 


(11) © (ydy + zdz) +m” dy+ n” dz=o0 
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Equations (10) and (11) will be satisfied if 


(12) 1” = == om” = — y »n’= : 
V4aPt+y? +2’ V4 t+ y? + 2? V4af+y? +2 


It follows that the direction ratios of PN are 




















(13) —2f:y:2 


PT is perpendicular tothe plane of incidence. It is therefore perpendicu- 
lar to P,P, PN, and PR. Let 1’, m’, n’ be its direction cosines. Since PT is 
perpendicular to P,P, we have 


(14) l’ (x — x.) +m’ (y — yy.) +n’ (z —z,) = 0 
Since PT is perpendicular to PN, we have 
(15) l’ (— 2f)+ m’y+ n’z=0 
Solving (14) and (15) for m’ and n’, we obtain 
| 2l'f z | 


| 
,_' —V(x—-x,) 2-2 _ I [af (¢—z) +2 (x—x,)] 
—, y Z f YoZ — YZ 





| 
y wae — 
ly 2l'f | 


,»_'y-y. —I’(x—x,)! —I!' [at(y —y.) + y (x—x,)] 
a y Z in YoZ— Y 2 


| Y-Yo Zz 


n 





We are now ready to set up equations involving 1, m, n the direction 
cosines of PR. One of the equations will be based on the equality of the 
angles of incidence and reflection. P,PN is the angle of incidence. By sub- 
stituting the direction cosines of P, P and PN in (2), we obtain 


(18) cos P, PN = 2f (x —x.) —y ( y— yo) —2 (2— 2s) 
Vabty +2 V(x—x,)?+ (y—ye)?+ (2-2)? 


NPR is the angle of reflection. By substituting the direction cosines of PN 
and PR in (2), we obtain 


(19) cos NPR = —2fl+ym+ zn 
Vv 4f? + y’ + Z? 


























158 0. E. Conklin A MATHEMATICAL STUDY, Etc. 


Since P,PN and NPR are equal, their cosines are equal. Therefore 


(20) 2f (x —x,) —y (y—y,.) — z (z—z,) a —2fl+ ym+zn 
V4li+y?+z? V(x—x,)?+(y—y,.)'+(2—2) Vv 4f? + y’+ 2’ 


Since PR is perpendicular to PT. 




















y 2£ (2-2) +2(x—Xo) _ 4, [2f (y—yo) +y (x —Xo) ] i 
Yo Z— YZ, Vo Z—YZy 


(21) ll’+m 


Simplifying (21) and (20) we obtain 

(22) m [2f (2 —z,) +2(x —x.)] —n[2f(y —y.) +y(x —x,)] = —l(y.z —yz) 
2f (x —x.) —y (y —yo) —z (z —2,) 

V (x— xX)? +(y — yo)? +(z —2,)" 


Solving (22) and (23) for m and n, we obtain 


(23) my +nz = 2fl + 























-1 (Yo Z—YZ») —[2f(y-—yo+ y (x —x,)] 
ofl + 2f(x—x.) —y(y —y.) —2(z — z,) x 
V (x—x,)?+(y—y)? +(z— z,)? 
(24) m= 
z(2f(z —z,) +z(x —x,)]+ y[2f(y —y.) +y(x —x,)] 
2f (Zz —Z,) +2(X —x,) —l(y.z —yz,) 
y af) 4 24x —x.) —y(y—yo) -2( 2 —2) 
Vv (x —x,)? + (y —y.)?+(z—Z,)? 
(25) n= 





z2[2£(z —2o) +2(x —X,)] +yl2f(y —Yo) +y(x —x,)] 
1 can be obtained from the equation 
(26) l=ViI—m —n 


While equations (24) and (25) are not complete solutions for m and n, 
since they involve the unknown 1, nevertheless numerical results can be 
obtained from them in the following way. First guess at the value of 1, 
and substitute in (24) and (25) to obtain m and n. Substitute the values of 
m and n thus obtained in equation (26) to obtain a more accurate value of 
1, and repeat the process until m and n are obtained with sufficient accuracy. 

Equations (24) and (25) are too clumsy for practical purposes, and 
therefore it is desirable to make certain simplifications based on the assump- 
tion that all points of the light source are near the focal point. If the inci- 
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dent ray happens to originate at the focal point, the reflected ray will be 
parallel to the X-axis, and it follows at once that 


1 = cosO® = I, m = cosgo° = O, n = cosgo°® = O 


If the incident ray originates at a point near the focus it is obvious that m 
and n will be small quantities. It is customary to call such quantities ‘“‘first 
order infinitesimals.’’ If an expression consists of a first order infinitesimal 
added to a quantity of a larger order of magnitude, the infinitesimal can 
generally be neglected without serious error. The squares of m and n are 
still smaller quantities, and are called ‘‘second order infinitesimals.’’ Second 
order infinitesimals can be neglected in expressions in which they are added 
to first order infinitestimals or to still larger quantities. Since 


1 =V 1 — m’ — n’ it follows that 1 differs from one by a second order 
infinitesimal, and therefore we can place | equal to one in simplifying equa- 
tions (24) and (25). Since P, (x,, yo, Z.) is assumed to be near the focal 
point F (f,o,0), the differences x,—f, y.,z, between the corresponding 
coordinates are first order infinitesimals, and can therefore be neglected 
where they are found added to quantities of a larger order of magnitude 
such as the focal length f. However, it is desirable to carry the first order 
infinitesimals through the simplification until it is certain that the larger 
quantities to which they are added do not disappear. The squares of x, — f, 
Yo, Z. are second order infinitesimals and it is safe to drop them at once. 





If we simplify equation (24), according to the above rules, we obtain 














YZ — Vou —y(f+x) 
(26a) 4fx(f —x,) —(f —x) (yy. +22) P 
“a a (f +x)? 
4fx (f+ x) 
and this reduces to 
_ -y (f= x,) [—4f? + y’-z’ly. Y ZZ, 
ae ee ee aff +x) * gee 


From the symmetry of the reflector, it is evident that an approximate 
formula for n can be obtained by interchanging y and z, and y, and z, in 
equation (27). Therefore 


8 = 2(f— x) [—4f* + 2’ -y’]z me 
5 eae G+sy = * af (f + x)? + Wd4s) 
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Expanding (26) by the binomial theorem gives us the following approxi- 
mate formula for 1. 


(29) l= 1 — %(m’ +n’) 

From now on we shall find it more convenient to think of m and n as 
sines instead of cosines. They are respectively the sines of the angles which 
the reflected ray makes with the horizontal plane and a vertical plane pass- 
ing through the axis of the beam. Since m and n are small, we can make use 
of the well known principle that the sine of a small angle is approximately 
equal to the angle itself. Then m becomes the angle between the reflected 
ray and the horizontal plane, and n becomes the angle which the reflected 
ray makes with the vertical plane through the axis of the beam. It is 
appropriate, therefore, to call m the vertical deviation of the reflected ray, 
and n the lateral deviation. 

In order to estimate the accuracy to be expected from formulas (27), 
(28) and (29), let us placex =f, y =z = V 2f, x, = 0.956, Yo = Z =0.05f, 
and compute 1, m, n, first with the above formulas, and then with the exact 
formulas (24), (25) and (26). The results obtained are: 

From the approximate formulas 


m=n 
From the exact formulas 


0.01767, 1 = 0.99969 


m=n 


0.01846, 1 = 0.99964 

Therefore in this case the approximate formulas yield results accurate to 
444%, and this is about the accuracy we may expect in their applications 
to headlight beams. 

We are now ready to apply formulas for m and n to a study of the 
effect of the shape of the light source on the shape of the beam. The shape 
of the portions of the beam which are near the reflector (that is, within fifty 
feet) is determined in a very complex manner. However the parts of the 
beam which are at greater distances are more interesting from a practical 
standpoint, and fortunately their shape is determined in a simpler way. As 
we go further and further from the headlight, it appears more and more like a 
point source of light, and consequently the beam becomes more and more 
like a cone of small angular aperture. A graphical representation of the 
solid angle of this cone can be obtained by plotting the values of n and m 
for each ray in its shell, the n’s being plotted as abscissas, and the m’s as 
ordinates. The figure so obtained will be similar to a cross section of the 
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beam (provided that the section is not taken too close to the reflector). If 
n and m are plotted in radians, the actual dimensions of the cross section 
can be obtained by multiplying the scale of the figure by the distance from 
the cross section to the reflector. In spite of this advantage resulting from 
the use of radians, I have preferred to use degrees, because they are the 
more familiar unit of angular measure, and if we find the meaning of our 
figures somewhat vague, we may multiply the scale of the figures by ten 
and read it as feet instead of degrees. The figures will then represent the 
actual cross sections of the respective beams taken at a distance of 573 
feet from the reflector. 


The dimensions of the reflector whose beam we shall study are as 
follows: focal length, 1.125 inches; depth, 2.5 inches; diameter, 6.72 inches. 
The focal length is about the average for headlights, but the depth and 
diameter have been made somewhat smaller than the average in order to 
avoid the construction of curves running too close together. 


In order that our curves shall indicate in a general way the relative 
intensity of the light as well as the form of the beam, we shall dividethe 
surface of the reflector into ten zones, so chosen that the intensities of the 
beams reflected from them are roughly equal. For each zone we shall plot 
a curve representing the solid angle of the beam of light which is reflected 
from it, and in this way we shall obtain a family of curves representing a set 
of overlapping beams. If the distribution of light within each beam may be 
assumed uniform, and if the intensities of the beams are equal, the relative 
intensity represented by any point in our diagram can be obtained by count- 
ing the number of curves which enclose it. This method of estimating the 
relative intensity is exact for certain simple types of light sources, such as a 
sphere with its center at the focus, and I believe that it is at least quali- 
tatively accurate for the linear and V-shaped light source, which we shall 
discuss later. 


The following considerations enable us to determine the zones which 
contribute beams of equal intensity. When one looks into a headlight, it 
generally appears as a disk which is uniformly bright all over, and from 
this it is evident that the zones which contribute equally to the intensity are 
the zones which divide this disk into equal areas. Zones of equal area can 
be constructed by taking successive radii proportional to the square roots 
of the numbers 1, 2, 3, etc., and this takes place automatically if we lay off 
equal increments of x on one of the parabolic sections of the reflector. 
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Figure 2 is a side view of the reflector showing zones obtained by giving x 
successive increments equal to 0.25 inch. Figure 3 is the front view of the 
reflector. The zones are numbered 1 to 10, and the curves which we shal} 
obtain will be numbered to correspond. Sixteen representative points in 
each zone will be selected and their coordinates will be used in computing 
the data for the curves. The dots in Figures 2 and 3 represent these points. 
It will be observed that they lie in sixteen equally spaced radial lines. The 
y and z coordinates of any point can be expressed in terms of its x coordi- 
nate and the angle which the radial line in which it lies makes with the 
vertical plane. If 4 is this angle, then 


(30) y = V4fx cos 6 z = V4fx sin 0 


Since f = 1.125 inches, these formulas reduce to 


(31) y = 2.12 V xcos@ z= 2.12 V xsin@ 


For the successive zones the x-coordinate takes the values 0.125, 0.375, 
0.625, etc. The coordinates for the points in the same zone are found by 
giving @ the successive values 0°, 2214°; 45°, etc. 


The practical question which we hope to answer is: What form of 
filament produces a beam of light of the most suitable shape for automobile 
headlights? Two types will be considered; the linear filament, which was in 
general use for a short time, and then unfortunately fell into disuse; and 
the V-shaped filament, which is now the most popular. The dimensions 
of the V-shaped filament are taken from measurements on a six volt, 21 
c. p. Mazda C lamp, and from the same measurements the dimensions of a 
linear filament whose spiral has the same total length are derived. The 
dimensions of the linear and V-shaped filaments are given in Figures 4 and 5 
respectively, which also show the best positions with respect to the focus F. 
The linear filament is perpendicular to the axis of the beam, and both fila- 
ments lie in a horizontal plane. No account is taken of the irregularities of 
the filaments, and they are assumed to be solid bodies instead of spirals. 
The ends of the filaments are assumed to be rounded off as shown in the 
diagrams. These assumptions simplify the calculations greatly without 
departing materially from the facts. | 
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We shall now consider a series of preliminary problems leading to the 
case of the linear filament. First, let us take a spherical source having a 
diameter of 0.02 inch, this being the same as the diameter of the linear fila- 
ment. Assume that the spherical source has its center at the focus. Then 
it is obvious from symmetry that the zones of the reflector will form a set of 
concentric beams whose solid angles may be represented by a set of con- 
centric circles. To obtain the angular apertures of these beams it is only 
necessary to consider the reflections in one plane through the axis of the 
beam. Let this be the vertical plane, and let it be represented by Figure 6. 
From this figure it is clear that a cone of light from the spherical source 
converges on every point of the reflector, and that a similar cone is reflected. 
If FP is the length of the incident cone of rays, its angular aperture will be 
0.02/FP in radians or 1.15/FP in degrees, and this will also be the angular 
aperture of the reflected cone of rays. Since 








FP = V (f — x)? + y’? = V (f — x)? + gfx =f +x = 1.125 +x 


the formula for the angular aperture becomes 


1.15 
(32) 1.125 +x 

Since x is a constant for any zone, it follows that all the cones of rays reflected 
from the same zone have the same angular spread, and since the reflected 
cones have parallel axes they will merge into each other as they recede from 
the reflector, and form a single conical beam whose angular aperture is 
given by (32). The beams from the different zones will have different 
angular apertures, which may be obtained by substituting x = 0.125, 
0.375, 0.625, etc., in (32). Let us now select any convenient scale to repre- 
sent degrees, and draw a set of concentric circles, using the values of the 
angular aperture as diameters. In this way we obtain Figure 7. This 
diagram represents three things. It represents the solid angles of the beams 
from the ten zones. It gives a picture of a cross section of the beam, and it 
gives a set of contour lines from which the relative intensity in different 
parts of the beam can be estimated. Observe that the central zones produce 
the beams which are the most divergent and therefore the most likely to 
cause glare. 
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The next step towards the case of the linear filament is to plot out the 
portions of the beam which originate in a single point of the linear filament. 
For reasons which will be apparent later we shall select for this purpose the 
point A in Figure 4. The distance from this point to the extreme end of the 
filament is one half the diameter of the latter, and its coordinates are 


(o, 0, 0.11). Substituting these coordinates in equations (27) and (28) 
we obtain 


_ oy _ o.11[ —4f? + 2’-y’] 
(33) oo OU 4f +x)" 


in which m and n are expressed in radians. To express m and n in degrees 
we multiply by 57.3, obtaining 





_ 6.30 y* d _ 6.30 [—4f? +2? —y’] 
(34) oe eee. re ee 4f (f + x) 


Let us now confine our attention to a single zone of the reflector, taking 


Zone 3 for this purpose. For this zone x = 0.625, and the values of 0, y 
and z are as follows: 





0 0° 224° 45° 672° go° 
y 1.68 1.55 1.19 0.64 oO 
Zz oO 0.64 1.19 1.55 1.68 


By making the proper changes of sign in the above values of y and z, the 
coordinates for the eleven other points can be obtained. By substituting 


the above coordinates in equations (34) we obtain the following values of 
m and n. 


é .-¢ 22%4° 45° 67%° go°® 112%° 135° 157%4° 180° 
m °° 0.91° 1.29° 0.91° °° -0.91° -1.29° -o.g1° °° 
mn -3.60° -3.22° -2.31° -1.41° -1.03° —1.41° -2.31° -3.22° -3.60° 


The above series of values of m and n repeats itself for the values of @ 
between 180° and 360°, and it follows that when we plot these values every 
point on our curve will represent the direction of two separate rays. After 
plotting the values of m as abscissae, and n as ordinates, we obtain Figure 8, 
which proves to be a circle. Observe that only the points on the circum- 
ference represent the rays originating in the given point and reflected from 


the given zone. The figure therefore represents the solid angle of a hollow 
beam of light. 
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The solid angles of the beams from the other zones may be plotted in 
the same way, and each figure will be a circle. Figure 9 gives the complete 
set of circles, which are numbered to correspond to their zones. It is inter- 
esting to compare these circles with the circles which H. D. Taylor describes 
in his ‘‘Applied Optics’’ as representing pure coma. In fact it is proper to 
consider our circles as being comatic images of the point A, and from this 


point of view they differ from his only in being formed by a reflector instead 
of a lens. 


Let us again confine our attention to Zone 3, and consider the figures 
obtained for other points in the linear filament. From equations (33) it fol- 
lows that the coordinates n and m are proportional to the distance of the 
point A from the focus. Therefore the figure for any other point in the fila- 
ment can be obtained by making a reduction in Figure 7 proportional to 
the ratio of its distance from the focus to the distance of A from the focus. 
The figure for each point in the linear filament will be a circle except that 
the focus will be represented by a point. Figure 10 shows the circles obtained 
for nine equally spaced points, including the focus. A pair of common 
tangents can be drawn to all of these circles, and it is clear that the closed 
figure formed by these tangents and the end circles encloses all the points 
representing the rays in the linear filament which are reflected from Zone 3. 
In other words Figure 10 represents the solid angle of the beam originating 
in the linear filament and reflected from Zone 3. The figures for the other 
zones can be obtained in a similar manner, and when taken together, as in 


Figure 11, they represent the complete beam from the axis of the linear 
filament. 


So far we have not taken into account the effect of the thickness of the 
filament. Let us return once more to Zone 3, and imagine a spherical source 
of light, whose diameter is the thickness of the filament, placed at the point 
A. Consider the point in Zone 3 for which @ = 224°. A cone of light from 
the spherical source will converge on this point and a similar cone will be 
reflected. The direction which the axis of the reflected cone takes has been 
previously determined and is represented by the point marked 2214° in 
Fig. 8. The solid angle of the reflected cone of rays is substantially the 
same as it would be if the spherical source were shifted to the focus. It will 
therefore be represented by Circle 3 of Figure 7. If we reduce this circle 
to the scale of Figure 8, and draw it on Figure 8, using the point which 
represents the direction of the axis of the cone as a center, we will obtain a 
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correct representation of both the solid angle of the cone and the direction 
of its axis. The cones of rays reflected from the other points in Zone 3 are 
represented by other circles of the same diameter having their centers on 
the circle of Figure 8, and taken together they produce the ring shaped figure 
shown in Figure 12. The dotted circle in Figure 12 is midway between the 
inside and outside circles. It is identical with the circle of Figure 8. Let us 
now shift the spherical source along the linear filament. The figure which 
it generates will be the linear filament. The ring in Figure 12 will undergo 
simultaneous changes, and the figure generated by these changes will repre- 
sent that portion of the beam from the linear filament which is reflected from 
Zone 3. The changes in the ring are easily deduced. The changes in the 
dotted circle have already been deduced and are represented by Figure 9. 
The thickness of the ring depends on the solid angle of the cones of rays 
reflected from Zone 3, and since shifting the spherical source does not change 
the solid angle materially, the thickness of the ring remains constant. From 
these considerations it follows that the figure generated as the spherical 
light source moves along the linear filament will be as represented in Figure 
13. The figures for the other zones can be constructed in the same way, and 
taken together, as in Figure 14, they represent the complete beam from the 
linear filament, taking its thickness into account. 


The same sort of analysis leads to corresponding diagrams for the 
V-shaped filament, and the figures will be given without detailed explana- 
tion. Figures 15 and 16 respectively represent the cross sections of the 
beams from points B and C of Figure 5. Figure 17 represents the beam from 
the V-shaped filament, neglecting thickness, and Figure 18 represents the 
same beam if thickness is taken into account. In order to avoid crowding, 
the curves for Zones 5, 7, and 9 have been omitted from Figures 16, 17 
and 18. 


In Figure 15 only the points on the circles represent rays, and therefore 
this figure illustrates the hollow beam which is obtained from headlights 
in which the light source is in front of the focus. 


It is interesting to compare the curves in Figure 16 with the comatic 
curves described in H. D. Taylor’s ‘‘Applied Optics.’’ In fact it is proper 
to regard our curves as being images of the point. C, and from a comparison 
with Taylor’s curves we find that they show coma mixed with astig- 
matism. 
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Figures 17 and 18 show only the outlines of the beams from the dif- 
ferent zones. If all the detail in each beam were drawn, the figures would 
be exceedingly complicated, and this goes far towards emphasizing the 
difficulties in the way of making a satisfactory headlight beam out of the 
beam from the V-shaped filament. 


From Figure 18 we find the solid angle of the beam from the V-shaped 
filament is 4.2° high. The actual height as determined from experiment is 
about 5°. I take this figure from a plot of the distribution of light in the 
vertical plane which is given on page 15 in Bulletin 32 of the National 
Lamp Works. The total spread of the beam as shown by this plot amounts 
to 24°, but it is clearly evident that all but 5° must be attributed to light 
scattered by secondary reflections. Therefore the experimental value for 
the vertical dimension of the solid angle is only 0.8° greater than the theo- 
retical value. The difference in these figures may be attributed to the 
inaccuracy of the parabolic reflector which was used in obtaining the experi- 
mental data, and the fact that this difference is so small is a high recom- 
mendation of this particular reflector. If this reflector is typical of the 
majority of those now in use, only a small part of the difficulties encountered 
in producing a satisfactory headlight beam can be attributed to the inac- 
curacies of the reflector. 


By comparing Figures 14 and 18, we can form a judgment on the merits 
of the beams from the linear and V-shaped filaments. A satisfactory auto- 
mobile headlight beam should have a wide horizontal spread, in order to 
illuminate the sides of the road, and a limited vertical spread, in order to 
insure a good driving light while at the same time avoiding glare. It requires 
but a glance at Figures 14 and 18 to see that in both respects the beam from 
the linear filament has the advantage. Its horizontal spread is 11° as com- 
pared with 8° for the other beam, and its vertical spread is 3.4° as compared 
with 4.2°. In order to avoid glare the beam from the linear filament must 
be tilted downwards 1.7° while the beam from the V-shaped filament must 
be tilted 2.1°. If the headlights are mounted 32 inches above the ground, 
the axis of the beam will strike the road go feet ahead of the automobile in 
the case of the linear filament, and 73 feet in the case of the V-shaped fila- 
ment, and we may therefore expect that the driving light will be greater in 
the case of the beam from the linear filament, when both beams are adjusted 
to avoid glare. 
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Another advantage of the linear filament lies in the simple structure 
of its beam, which should make it possible to design much more efficient 
headlight lenses than those in use with the V-shaped filament. 


I hope that this article will draw attention to a phase of the headlight 
question which appears to have been neglected—the effect of the shape of 
the light source on the shape of the beam, and also hope that it will assist 
in a small way in bringing the linear filament back into the popularity 
it deserves. 


Scientific Bureau 

Bauscu & Los Opticat Co. 
Rochester, N. Y. 

February, 1918 


NOTE ON THE LOCATION OF THE SPECTRUM 
FORMED BY A PLANE TRANSMISSION 
GRATING 


By HERBERT E. IvEs 


The simplest type of diffraction spectroscope is that which involves 
merely a line of light or slit, and a plane transmission grating held over the 
eye, through which both the slit and the spectra of the several orders are 
observed. Pocket spectroscopes of this type have been put on the market, 
and are to be found in many laboratories. 


The utility of such a spectroscope is increased for many purposes if it 
be provided with a scale, whereby wave lengths may be determined. A 
scale on glass, consisting of transparent lines on an opaque ground, backed 
by an opal-glass illuminated by any appropriate means, meets this need. 
In designing a simple spectrometer of this kind, it becomes necessary to 
know where to place the scale in order to avoid any parallax between it 
and the spectrum. -This scale position is not, as might be supposed at first 
thought, on the circle of which the line joining the slit and the eye is a 
radius, nor in the plane of the slit. It is found to be located very definitely, 
as judged by the parallax test, along a curve whose position varies with 
extreme rapidity with the angle made by the grating with the eye-to-slit 
line. 
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This focus is evidently a property of the grating alone, since the only 


effect of a lens placed over the eye is to improve or impair the definition of 
the spectrum without affecting its location. The calculation of this focus 


a ae l \ 
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Fig. 1 


proves to be merely a matter of the application of the elementary grating 
equation, connecting angle of incidence, grating spacing, wave length and 
angle of deviation. The derivation of the formula to be used is immediate 
from the diagram, Figure 1. Here u is the distance from slit to eye, I is 
the length of grating at the two ends of which the direction of the deviated 
ray is noted, ¢ is the angle through which the grating is rotated, 3, and #, are 
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angles of incidence, ¢, and e, are anglesof diffraction,and wu’ is the distance 
from the grating to the intersection of the extreme rays. By combining 
the ordinary grating formula 


P P r 
sine + sin # = a 


with the usual formulae for the solution of oblique triangles the complete 
formula for the determination of u’ is obtained as follows: 
,  acos ) sin" (3 — sin cos" =s 
? ig d v1 +a’— 2a sing 
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where a = Le and d is the grating spacing. 


In Figure 2, the values of ~ rae calculated for values of a of 0.5, 0.4, 
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Fig. 3 
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ing position, or what may be termed the focus of the grating for an infin- 
itesimal length. The interesting feature is the rapid shooting away of the 


spectrum as ¢ increases. 


By interpolation it is found that for the spacing 


assumed, the spectrum is most nearly in the plane of the slit for ¢ = 24°, 


although it lies across that plane at a considerable angle. 


It lies most 


nearly on the circle of which GS is a diameter for ¢ = 20°. 


Physical Laboratory 

THE Unitep GAs IMPROVEMENT Co. 
Philadelphia 

July, 1917 
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THE MINIMUM RADIATION VISUALLY 
PERCEPTIBLE. Prentice Reeves, Astrophysical 
Journal, p. 167, September, 1917. Communication 
No. 51 from the Research Laboratory of the East- 
man Kodak Company. The previous investiga- 
tions of the least perceptible radiation have 
in most cases used stellar light sources and have 
taken various uncertain values for the area of the 
pupil. In the present paper, the writer used a 
direct laboratory method where all physical stimuli 
were under accurate control and there were no 
troublesome atmospheric conditions as in stellar 
observations. Another advantage was the tse of 
the observers’ pupillary measurements obtained 
from instantaneous flashlight photographs. 

To approximate conditions of stellar observa- 
tions a stimulus one millimeter in diameter was 
viewed from a distance of three meters. The 
brightness of the “star’’ could be varied by the 
observer and the threshold determined. The ob- 
server remained in total darkness for at least fifteen 
minutes to assure dark adaptations and used a fixed 
head rest for constant visual fixation. The results 
taken under the same conditions from day to day 
vary through wide ranges and are explained by 
variations of the pupil, factors of attention and 
fatigue, ideo-retinal light (caused by retinal circula- 
tion), after images, involuntary eye movements and 
the general physiological condition of the observer. 
As these variable factors are largely beyond ex- 
perimental control, the orily method is to take as 
many observations as possible over a wide range of 
time and accept the general average as the threshold 
value. The writer’s threshold is the average of 
numerous observations and results were also ob- 
tained from two other observers and averaged with 
the writer’s luesva for those days. 

If the let B = normal candle power per sq. cm. 
of source, and assuming the inverse square law and a 
point source, the flux through 1 sq. cm. on the axis 
at the eye will be 


SB/R? lumens 


and the flux through the pupil of area A will be 


Fp = SBA/R? lumens 
Now B = Lumens/n and A = nr?so 
Fp = SL r?/R? 


where Fp is the flux through the pupil; S, the area of 
the star; L, the star brightness in lamberts; r, the 
radius of the pupil; R, is the distance of the eye 
from the star. If the equationis then multiplied 
by the mechanical equivalent of light M we get 
Least perceptible radiation = SLM nk 
ergs per sec. 

Using the 1 mm star at a distance of 3 meters, 
the writer's values for L and r were 0.0072 milli- 
lamberts and 4.65 mm, which gives a result of 
17.1X10°'® ergs per sec. The average result for 
three observers was L = 0.0088 ml., r = 4 mm. 
and least perceptible radiation = 19.510"! 
ergs per sec. 


PHOTOMICROGRAPHS IN COLOR. C.E. K. 
Mees, Amer. Phot., August, 1917, p. 448. Colored 
lantern slides representing photomicrographs of 
stained sections can be obtained by making the 
prints from the negatives in stained gelatine instead 
of by the usual photographic process. The method 
is as follows: Lantern slides are sensitized by bath- 
ing in bichromate solution and after rinsing and 
draining are dried in the dark as uniformly as pos- 
sible. The sensitized plates are then exposed 
through the glass under the negative to the light of 
an arc lamp, an average exposure being about three 
minutes at eighteen inches distance. The exposed 
plates are washed in warm water until all soluble 
gelatine is removed. The plates are then washed 
in plain water, fixed in hypo and washed. They are 
then ready for staining. The staining is done with 
a 1 per cent. solution of dye containing 1 per cent. 
of acetic acid, the dye being selected to imitate most 
closely the original stain of the section. 

When sections stained with two different colors 
are being photographed, negatives are made through 
suitable color filters. The prints are stained a color 
complementary to that of the filter through which 
the negative was taken and are placed face to face 
so that a two-color slide is obtained. The choice of 
the filter is decided by visual trial under the micro- 
scope, the filters chosen being those which most 
completely absorb one color and transmit the other. 
Thus, photographing a section stained with Dela- 
field's hematoxylin and precipitated eosine the A 
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filter (red) shows no trace of the eosine and gives a 
good, strong negative of the hematoxylin. The B 
and C filters are used together for the other negative, 
giving a blue-green color and recording the eosine 
and hematoxylin both fully; from these two nega- 
tives, positives are made and stained with a blue 
and a red dye. 


THE PHOTOMICROGRAPHY OF PAPER 
STRUCTURE. M. B. Hodgson, J. Ind. Eng. 
Chem., 1917, p. 782. In the study of the ultimate 
structure of paper much valuable information can 
be obtained by means of photomicrographs of cross- 
sections of the paper stock. 


In the course of some recent work on the penetra- 
tion of various materials into paper stocks as thin 
as .05 mm, the following method was adopted: 


The paper of which a section is desired is mounted 
between two pieces of gelatine coated film, ordinary 
Kodak N. C. film being used, the gelatine being 
moistened to cause it to adhere to the paper. The 
paper held between the pieces of film is then placed 
between two pieces of moderately dry castile soap. 
This “sandwich” is then placed in the chuck of the 
microtome with the paper edge normal to the razor 
edge. The use of the gelatine is important as it 
forms a firm but slightly resilient binder for the 
paper and prevents tearing of the surface fibers. 
The micrometer adjustment permits of sections from 
.001 to .050 mm in thickness being made. Sections 
are then cut in the usual manner and mounted on 
slides in Canada Balsam diluted with Xylol. 


In photographing such sections, the best results 
are obtained using orthochromatic plates with a 
yellow filter. In the present work Standard Ortho- 
non plates were used with the Wratten “G’’ filter. 
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THE UNITS AND NOMENCLATURE OF 
RADIATION AND ILLUMINATION. Herbert 
E. Ives, Astrophysical Journal, 45, pp. 39-49, 
January 1917. The units and nomenclature of 
of radiation are still very incomplete and loosely 
defined. In this paper is outlined a logical system 
of units for this branch of physics. While pho- 
tometry and illumination are but special branches of 
radiation, the units and nomenclature used are 
fairly complete and logical owing to the greater 
need for them and to the work of committees of 
various technical soceties. In the following table 
are listed the various units proposed, covering both 
radiation and illumination. 

Several new words have been coined and several 
old words used in a new technical sense. ‘‘ Radiance’’ 
corresponds to brightness and “‘irradiation”’ corre- 
sponds to illumination in dealing with light. The 
name pyr is given to the specific unit of luminous 
intensity measured in light-watts per unit of solid 
angle, corresponding to radiant intensity in a given 
direction measured in watts per steradian. The 
name lambert for the unit of brightness, officially 
adopted by the I. E. S. Committee on Nomenclature 
and Standards two years ago, is not used. Ina foot 
note, the name “‘rumford” is proposed as a name for 
the rational unit of specific illumination correspond- 
ing to the phot proposed by Blondel and adopted by 
all illuminating engineering societies. 

It would be well for a committee on units, nomen- 
clature and standards of the Optical Society to con- 
sider, revise and adopt such systems of units and 
such nomenclatures as are or may be of service in 
any of the branches of applied optics. 


DISTRIBUTION OF ENERGY 
VISIBLE SPECTRUM OF AN 
FLAME. W. W. 


IN THE 
ACETYLENE 
Coblentz and W. B. Emerson, 


RELATIONS BETWEEN RADIATION AND ILLUMINATION 








Radiation 


Illumination 





1. Radiant energy (joules) 

2. Radiant flux (watts) 

3. Radiant Emission (watts) 

4. Specific radiant emission or radiant 
emissivity (watts per square centi- 
meter) 

5. Radiant intensity in a given direc- 
tion (watts per unit solid angle) 

6. Specific radiant intensity in a given 
direction, or radiance (watts per 
projected square centimeter per 
unit solid angle) 

Irradiation (watts [incident]) 

8. Specific irradiation (watts lincident] 

per square centimeter) 


through a lumi- 
e template become 


“ 
After passage 
nosity-curv 








Luminous energy (light-watt seconds) 

Luminous flux (light-watts) 

Luminous emission (light-watts) 

Specific luminous emission or lumin- 
ous emissivity (light-watts per 
square centimeter) 

Luminous intensity (light-watts per 
unit solid angle [pyrs]) 

Brightness (light-watts per projected 
square centimeter per unit solid 
angle [pyrs per square centime- 


ter]) 

Illumination (light-watts) 

Specific illumination (light-watts per 
square centimeter) 


Luminous energy (lumen seconds) 

Luminous flux (lumens) 

Luminous emission (lumens) 

Specific luminous emission or lumin- 
ous emissivity (lumens per 
square centimeter) 

Luminous intensity (lumens per 
unit solid angle [candles}) 

Brightness (lumens per projected 
square centimeter per unit solid 
angle [candles per square centi- 
meter]) 

Illumination (lumens) 

Specific illumination (lumens per 
square centimeter [phots]) 


al equivalent of light become 








After division by the mechanic- 





9. Reflecting 


wer = ratio of re- 


ected to incident energy 

10. Absorbing power = ratio of ab- 
sorbed to incident energy 

11. Transmitting power = ratio of 
transmitted to incident energy 

12. Emitting power* = ratio of emis- 
sion to that of black body at 
the same temperature 





* The alternative equivalent endings in “ive 


" such as ‘‘emissive,” are sometimes preferable from the standpoint of euphony. 
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Scientific Paper of the Bureau of Standards No. 279. 
The cylindrical acetylene flame has become recog- 
nized as a valuable standard of spectral energy dis- 
tribution with which other spectral energies may be 
com in the visible regions. Its great value 
lies in the fact that the distribution of energy does 
not vary appreciably with considerable variations 
in flame height, humidity, percentage of admixed 
air and impurities in the acetylene. The energy 
distribution in the infra red portion of the spectrum 
has been determined previously by several ob- 
servers, but in the visible spectrum the energy is so 
slight that its precise determination requires the 
use of the best forms of spectroradiometer and the 
most improved methods. Dr. Coblentz gives in 
this paper the results of an extended series of 
determinations on an easily reproducible form of 
cylindrical flame. 

The flames investigated were produced by single 
jet “Crescent Aero” and Bray tips of % foot 
capacity. The data refers to the light from the 
central portion of the side of the flame. Unlike the 
radiation from the flat flame, this radiation is 
saturated except in the extreme red. Three quite 
different spectroradiometers were used, one with 

uartz, one with fluorite and one with glass prism. 
ese give identical results. In the following table 
are given the standard data obtained, the column 
headed “Bray tip” giving the divergent results 
obtained with that burner in the extreme red. 


SPECTRAL ENERGY DISTRIBUTION 



































OF AN ACETYLENE FLAME 

E E E | Bray 
r |(Rel.)| XA | (Rel) Xr | (Rel.j)| tip 
350 3.1 480 | 17.0 625 | & Fe 
360 3.3 500 | 21.9 640 RRS 
375 4.0 520 | 27.9 650 5 ee 
380 4.4 525 | 29.5 660 = ee 
400 5.9 540 | 35.0 675 | 107.5 
420 7.7 550 | 38.9 680 | 110.9) ..... 
425 8.2 560 | 42.9 700 | 124.6) 125.8 
440 | 10.0 575 | 49.8 720 | 138.5) 140.7 
450 | 11.4 580 | 52.2 725 | 141.9) 144.5 
460 | 13.0 600 | 62.1 740 | 152.0) 155.8 
475 | 16.0 620 | 73.0 750 | 158.9} 163.7 
REPORT OF THE COMMITTEE ON NO- 


MENCLATURE AND STANDARDS OF THE 
ILLUMINATING ENGINEERING SOCIETY, 
1917. 


INTRODUCTION.—The Committee on Nomen- 
clature and Standards during the past year has 
systematized its work to a greater degree than 
heretofore, and has made more extensive use of the 
reports of sub-committees as a basis for discussion. 
The number of new definitions which it has to 
present is not large, but much time and effort have 
been given to a satisfactory revision of some of the 
more fundamental of the old definitions, and, 
through sub-committees, a number of important 
proposals are being framed which were not ready for 
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consideration before the close of the year. It is 
believed that certain of the definitions as given in 
the 1916 report have been materially improved as a 
result of the extended consideration which has been 
giventothem. The definitions which have received 
unusually careful consideration during the year, and 
whic’: in some cases represent revisions of the old 
definitions, are indicated in the report by the prefix 
“R;" new definitions are indicated by the prefix 
“N.” Where the prefix ““NR” occurs, it indicates 
that the definition is a new one which has been 
given unusually careful consideration. The mem- 
bers of the Society are invited to submit criticisms 
and discussions of the definitions which the report 
contains, and to suggest matters which in their 
opinion might profitably be considered by the 
ommittee. 


NR 1. Light.—The term light is used in various ways: 


(1) To express the visual sensation produced 
normally when radiant flux (q. v.) within the proper 
limits of wave length, of sufficient intensity and of 
sufficient duration, impinges on the retina. 

(2) To express the luminous flux (g. v.) which 
produces the visual sensation. 

(3) By extension,even to express the radiant flux 
of any wave length throughout the entire spectrum 
(e. g., ultra-violet light). 


NR 2. Radiant flux, 4, is the rate of flow of radiation 


evaluated with reference to energy, and is expressed 
in ergs per second or in watts. 

3. Luminous flux, F, is the rate of flow of radia- 
tion evaluated with reference to visual sensation, 
and is expressed in lumens. 

4. Visibility, K, of radiation of a particular wave 


length is the ratio of the luminous flux at that wave 
length to the corresponding radiant flux. 
Defining equation. 
nh 9) 


NR 5. The Mechanical equivalent of light is the ratio of 


radiant flux to luminous flux for the wave length of 
maximum visibility, and is expres in ergs per 
second per lumen, or in watts per lumen. It is the 
reciprocal of the maximum visibility. ' 


NR 6. Luminosity of a particular wave-length is the 


product of the visibility of that wave-length and 
the corresponding ordinate of the spectral curve of 
radiant flux, and is represented by the ordinate of 
the s ral curve of luminous flux. This curve is 
called the spectral luminosity curve and is different 
with different sources. 


NR 7. The Luminous efficiency of any source is the 


ratio of the luminous flux to the radiant flux from 
the source and is expressed in lumens per watt. 


NR 8. Lamp efficiency is the ratio of the luminous flux 


output to the power input. 


! This term has been used in a variety of senses. 
As here defined it refers only to the minimum 
mechanical equivalent of light. The reciprocal of 
this quantity is sometimes called the luminous 


equivalent of radiation. 
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9. Luminous intensity, 1, of a source of light ina R 
given direction is the solid angular density of the 
luminous flux emitted by the source in the direction 
considered, when the flux involved acts as far as 
computation and measurements are concerned, as 
if it came from a point. Or, it is the flux per unit 
solid angle from that source in the direction con- 
sidered. The flux from any source of dimensions 
which are negligibly small by comparison with the 
distance at which it is observed, may be treated as 
if it were emitted from a point. 

Defining equation: 


R 
or, if the intensity is uniform, 


I 


F 

7) 

where @ is the solid angle. as 
10. Illumination, E, of a surface at any point is 

the luminous flux density on the surface at that 

point, or the flux per unit of intercepting area. 
Defining equation: 


or, when uniform, 


E R 
where S is the area of the intercepting surface. 

11. Candle—the unit of luminous intensity main- 
tained by the national laboratories of France, Great R 
Britain and the United States. * 

12. Candlepower —uminous intensity expressed in 
candles. 

13. Lumen—the unit of luminous flux equal to the 
flux emitted in a unit solid angle (steradian) by a 
point source of unit candlepower. * 

14. Lux—a unit of illumination equal to one 
lumen per square meter. Using the centimeter as 
the unit of length, the unit of illumination is one 
lumen per square centimeter. for which Blondel has 
proposed the name “phot.’’ One millilumen per 
square centimeter (milliphot) is more useful as a 
practical unit. One foot-candle is one lumen per 
square foot, and is equal to 1.0764 milliphots. The 
milliphot is recommended for scientific records. 

15. Exposure—the product of an illumination by 
the time. The microphot-second (0.000 001 phot- 
second) is a convenient unit for a photographic plate 
exposure. 

16. Specific luminous radiation, E’—the luminous 
flux-density emitted by a surface,or the flux emitted 
per unit of emissive area. It is expressed in lumens 
per square centimeter. 

Defining equation: 


: dF 
E-s 
or, when uniform, 
: F 
E’ = 5 
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17. Brightness, b, of an element of a luminous 
urfacse from a given position, may be expressed in 
terms of the luminous intensity per unit area of the 
surface projected on a plane perpendicular to the 
line of sight, and including only a surface of dimen- 
sions negligibly small in comparison with the 
distance at which it is observed. It is measured in 
candles per square centimeter of the projected area. 

Defining equation: 


di 
b — 


dS cos @ 
where @ is the angle between the normal to the 
surface and the line of sight. 

18. Normal Brightness, bo, of an element of a 
surface (sometimes called specific luminous intens- 
ity) is the brightness taken in a direction normal to 
the surface. * 

Defining equation: 





dl 
»- F 
or, when uniform, 
I 
bo - S 


For surfaces obeying Lambert's cosine law of 
emission, 

E’ = 7 bo 

19. Brightness may also be expressed in terms of 
the specific luminous radiation of an ideal surface 
of perfect diffusing qualities, i. ¢., one obeying 
Lambert's cosine law. 

20. Lambert—a unit of brightness. The bright- 
ness of a perfectly diffusing surface radiating or 
reflecting one lumen per square centimeter. This is 
equivalent to a perfectly diffusing surface having a 
reflection factor equal to unity, and an illumination 
of one phot. For most purposes the millilambert, 
0.001 lambert, is the preferable practical unit. 

A perfectly diffusing surface emitting one lumen 
per square foot will have a brightness of 1.076 
millilamberts. 

Brightness expressed in candles per square centi- 
ae may be reduced to lamberts by multiplying 

yx = 3.14. 

Brightness expressed in candles per square inch 
may be reduced to lamberts by multiplying by 
=/6.45 = 0.487. 

In practice, no surface obeys exactly Lambert's 
cosine law of emission; hence the brightness of a 
surface is not uniform in all directions, and conse- 
quently the brightness in lamberts is generally not 
numerically equal to the specific luminous radiation 
in lumens per square centimeter. 


? This unit, which is used also by many other 
countries, has frequently been referred to as the 
international candle. 

* A uniform source of one candlepower emits 4: 
lumens. 

‘In practice, the brightness b of a luminous 
surface or element thereof is observed and not the 
normal brightness bo. For surfaces for which the 
cosine law of emission holds, the quantities b and b» 
are equal. 
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NR 21. Quality of luminous flux is that property of 
luminous flux determined by its spectral distribution. 

NR 22. Color of luminous flux is the subjective evalua 
tion by the eye of the quality of luminous flux 
Any color can be expressed in terms of its hue and 
saturation. 


NR 23. Hue is that property of color by which the 
various spectral regions are characteristically dis- 
tinguished. All colors except purples and white 
may be matched in hue with spectral colors. In 
the case of a purple, the spectral hue which is com- 
plementary to the hue of the purple is ordinarily 
used for scientific designation. 


NR 24. Two hues are complementary if they may be 
mixed to produce white. 

White may be considered as a color having no 
hue. By the mixture of luminous fluxes of two or 
more hues properly chosen both as to hue and in- 
tensity, a Bsc we luminous flux may be obtained 
which has the color white. Whenever luminous 
fluxes of two or more hues are mixed, the resultant 
luminous flux, though it may have some dominant 
hue, will ordinarily be evaluated subjectively as 
having an admixture of white. 

NR 25. Saturation of a color is its degree of freedom 
from admixture with white. Monochromatic spec- 
tral light may, for purposes of measurement, be 
considered as having a saturation of 100 per cent. 
As white light is added, the saturation decreases 
until, when the hue entirely disappears, the satura- 
tion is zero. White therefore is the limiting color 
having no hue and zero saturation. 
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R 26. Reflection factor® of a body, 9, is the ratio of 
the flux reflected by the body to the flux incident 
upon it. The reflection from a body may be 
regular, diffuse or mixed. In regular reflection the 
flux is reflected at an angle of reflection equal to the 
angle of incidence. In diffuse reflection the flux is 
reflected in all directions. In perfectly diffuse re- 
flection, the distribution of the reflected flux is in 
accordance with Lambert's cosine law. In most 
practical cases, there is a superposition of regular 
and diffuse reflection. 


R 27. Regular reflection factor of a body is the ratio 
of the regularly reflected flux to the incident flux. 


28. Diffuse reflection factor of a body is the ratio 
of the diffusely reflected flux to the incident flux. 


R 


R 29. Absorption factor® of a body, a, is the ratio of 
the flux absorbed by the body to the flux incident 
upon it. 

30. Transmission factor ® of a body, r, is the ratio 
of the flux transmitted by the body to the flux 
incident upon it. 

e+2+7=1 


5 These terms are introduced to replace the more 
commonly used terms, Coefficient of reflection, 
Coefficient of absorption, Coefficient of transmis- 
sion, which latter terms refer to the specific proper- 
ties of materials rather than to the behavior of 
bodies under specified conditions, such as angle of 
incidence, etc. 
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62. Photometric Units and Abbreviations. 


Symbols and Abbreviation 
Photometric defining for name 
quantity Name of unit equations of unit 
1. Luminous flux Lumen F. y l 
: : . aF . d 
2. Luminous intensity Candle I= —}fs= sb cp. 
d » d A} 
Photo, foot- dF 
a - t =—— = ! cos. 
3. Illumination candle lux, E = as 5 -p ph. fe. 
. r? 
6 Winton { Phot-second ° 
. oo . \ Micro-phot- Et phs. ¥phs. 
second 
{ Apparent candle dl 
| per sq.cm. bs = - 
5. Brightness { Apparent candle dS cos j 
per sq. in. aF _ 
Le = — 
Lambert L as 
; ' _. {Candles per sq.cm. 
6. Normal brightness \Candles per 29,in. a al x Ws 
7. Specific luminous {Lumens per sq.cm. E’ he: ae 
radiation \Lumens per sq.in. ~ = Ebo, & nai 
8. Reflection factor — = zz a 
E 
9. Absorption factor — @ — 
10. Transmission factor — + 
11. Mean spherical candlepower scp. 
12. Mean lower hemispherical candlepower lep. 
13. Mean upper hemispherical candlepower ucp. 
14. Mean zonal candlepower zep. 
15. Mean horizontal candlepower mhce. 


16. 1 lumen is emitted by 0.07958 spherical candlepower. 
7 spherical candlepower emits 12.57 lumens. 
18. 1 lux = 1 lumen incident per square meter = 0.0001 phot = 0.1 milli- 
phot. 


phot = 1 lumen incident per square centimeter = 10,000 lux = 1,000 
milliphots = 1,000,000 microphots. 


_ 
— 


© 


20. 1 milliphot = 0.001 phot = 0.929 foot-candle. 

21. 1 foot-candle = 1 lumen incident per square foot = 1.076 milliphots = 
10.76 lux. 

22. 1 lambert = 1 lumen emitted per square centimeter of a perfectly 
diffusing surface. 

23. 1 millilambert = 0.001 lambert. 

24. 1 lumen, emitted, per square foot* = 1.076 millilamberts. 

25. 1 millilambert = 0.929 lumen, emitted, per square foot.* 

26. 1 lambert = 0.3183 candle per square centimeter = 2.054 candles per 
square inch. 

27. 1 candle per square centimeter = 3.1416 lamberts. 

8. 1 candle per square inch = 0.487 lambert = 487 millilamberts. 





*Perfect diffusion assumed. 
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